Objective: Cardiac catheterization in patients receiving extracorporeal life support (ECLS) has previously been shown to be safe and, in many cases, therapeutic. However, the influence of cardiac catheterization on clinical outcomes in this patient population has not been clearly defined. Methods: A single institution, retrospective review of all pediatric cardiac ECLS patients who underwent cardiac catheterization between January 2006 and September 2015 was performed. Results: Eighty-two interventional cardiac catheterization procedures were performed on 74 patients. Catheterization findings directly led to catheterization-based or surgical intervention in 54 (73%) patients. One (1.2%) catheterization-related complication occurred (pulmonary artery rupture), which ultimately resulted in death. Patients who underwent early catheterization (72 hours of ECLS initiation) required shorter total duration of ECLS than patients who underwent catheterization >72 hours after ECLS initiation (136 hours vs. 227 hours, P < 0.01). The groups experienced similar rates of interventions based on catheterization findings (72% early cath vs. 74% late cath, P ¼ 0.81). Survival to hospital discharge was higher in the early catheterization group (74% vs. 51%, P ¼ 0.04). In multivariate models adjusting for covariates, early catheterization was associated with a reduction in ECLS duration by approximately 150 hours (P < 0.01). Conclusions: Cardiac catheterization is safe in pediatric ECLS patients and an earlier catheterization is associated with shorter duration of ECLS and improved hospital survival. Diagnostic cardiac catheterization should be considered in patients who remain dependent on ECLS after several days of support. (J Interven Cardiol 2017;30:170-176) 
Introduction
Extracorporeal life support (ECLS) represents an essential adjunct in the care of the critically ill pediatric cardiac patient. However, a minority of patients are unable to wean from extracorporeal support, many times without an obvious explanation. Despite a reluctance to perform invasive procedures on postoperative cardiac patients on ECLS, cardiac catheterization has been shown to be safe in ECLS patients, with complication rates ranging from 3 to 15%. [1] [2] [3] However, the effect of cardiac catheterization on ECLS-related outcomes remains poorly defined.
Cardiac catheterization in ECLS patients is both diagnostic and potentially therapeutic if residual lesions are discovered. A recent report indicated that nearly a third of pediatric cardiac ECLS patients had residual hemodynamically significant lesions and 80% of these were ultimately discovered on cardiac catheterization. 4 Inadequacies in non-invasive testing, including echocardiography, have been documented when evaluating pediatric cardiac ECLS patients, with 1 report revealing unexpected diagnostic information found at catheterization in 52% of patients. 3 The aim of the present study was to evaluate the effect of an early cardiac catheterization strategy and its influence on ECLS outcomes.
Methods
The research protocol was approved by our local institutional review board and a waiver of patient consent was obtained. The study consisted of a retrospective, single institution review of all consecutive pediatric cardiac patients placed on ECLS between January 2006 and September 2015. Patient charts were reviewed to determine if a cardiac catheterization was performed during ECLS support. All referrals for left atrial decompression or myocardial biopsy were excluded from analysis. Seventy-four patients receiving a total of 82 catheterizations were identified. Demographic data were recorded and included age, gender, weight, and primary diagnosis. Cardiac catheterization records were reviewed to determine the indication for the procedure, outcome, and complications. Procedure types were grouped into the following: (1) pulmonary artery intervention (stenting or balloon angioplasty); (2) shunt intervention; (3) aortic intervention; (4) referral to the operating room to address residual lesion; or (5) other intervention. Complications were assessed by reviewing the procedure note and subsequent progress notes. Results from non-invasive testing, including echocardiography, were reviewed to determine if residual lesions found in the catheterization lab were identified prior to the procedure. If multiple cardiac catheterizations were performed during the same ECLS run, only the index catheterization was used for survival and ECLS duration analysis. Primary outcomes included survival to hospital discharge and total ECLS duration.
Complications occurring during ECLS were categorized as mechanical or physiologic, based on categories established by the Extracorporeal Life Support Organization (ELSO) registry. 7 Mechanical complications included ECLS oxygenator failure, ECLS pump malfunction, heat exchanger malfunction, ECLS cannula malfunction, and circuit connector fracture. ECLS circuit thrombosis and circuit rupture tubing were analyzed separately. Physiologic complications included: (1) neurologic injury, including clinical or electrographic evidence of seizures, radiographic evidence of CNS hemorrhage or infarction, and brain death; (2) acute kidney injury (AKI) resulting in the need for renal replacement therapy (hemodialysis, continuous hemofiltration); (3) 
Results
A total of 82 cardiac catheterizations were performed on 74 patients during the study period. Patient characteristics are shown in Table 1 . Median age at the time of catheterization was 18 days. Sixtythree (85.1%) patients were post-operative (Fig. 1) , and 32 (43.2%) had single ventricle physiology, of which 24 had hypoplastic left heart syndrome (HLHS). With regard to type of support, 68 (91.9%) were on venoarterial ECLS and 9 (12.2%) had received extracorporeal cardiopulmonary resuscitation (ECPR). Patients spent a median of 3 days on ECLS prior to catheterization and were decannulated a median of 3 days following the catheterization procedure. Fifty-four (73%) catheterizations resulted in an intervention on a hemodynamically significant lesion (catheter-based or surgical). ECLS survival was 81.1% and overall survival to hospital discharge was 63.5%. Table 2 shows patient characteristics stratified by those receiving an intervention (catheter or surgical) based on catheterization results (Intervention) and those receiving a purely diagnostic catheterization (Diagnostic). No differences were observed between groups with regard to age, weight, gender, postoperative status, and proportion with single ventricle physiology. Both groups had a median of 3 days of ECLS prior to cardiac catheterization referral. No difference was observed with regard to number of days to decannulation following catheterization (4 days Intervention vs. 3 days Diagnostic, P ¼ 0.76). ECLS survival (83.3% Intervention vs. 75% Diagnostic, P ¼ 0.506) and survival to hospital discharge (68.5% Intervention vs. 50% Diagnostic, P ¼ 0.142) were similar between groups. Procedural data for the Intervention group is shown in Table 3 . Thirty (55.6%) patients received an intervention to the pulmonary arteries (stenting or balloon angioplasty), 6 (11.1%) had a shunt intervention, 4 (7.4%) had aortic stenting (3 children with HLHS, 1 with a complete AV canal defect), and 8 (14.8%) were referred to the operating room based on lesions discovered in the catheterization lab that required surgical intervention. Of the 48 patients in the Intervention group who had echocardiograms prior to catheterization, 19 (39.6%) had no echocardiographic evidence of the culprit lesion prior to catheterization. There was 1 complication (1.2%) associated with cardiac catheterization; a pulmonary artery injury that ultimately resulted in death.
Patients were then stratified into 2 groups based on timing of their first cardiac catheterization; an early catheterization group (Early Cath) receiving a catheterization within 72 hours of ECLS onset and a late catheterization group (Late Cath) comprised of patients referred after 72 hours of ECLS. Results are shown in Table 4 . No difference was observed between groups with regard to age, gender, weight, postoperative status, single ventricle physiology, or ECLS mode. The Early Cath group had a median interval from ECLS initiation to catheterization of 1 day, while the Late Cath group had an interval of 6 days (P < 0.001). The Early Cath group had a shorter total ECLS duration (136 hours Early Cath vs. 227 hours Late Cath, P < 0.001), despite no difference between groups regarding time to decannulation following first catheterization (4 days Early Cath vs. 3 days Late Cath, P ¼ 0.621). The rate of intervention (catheter-based or surgical) was similar between groups (72% Early Cath vs. 74% Late Cath, P ¼ 0.81). The Early Cath group had a higher rate of survival to hospital discharge (74% Early Cath vs. 51% Late Cath, P ¼ 0.041). In a multivariate linear regression model adjusting for covariates, early catheterization was associated with a reduction in ECLS duration by approximately 150 hours (P < 0.01).
The Early Cath group was more likely to be referred to the catheterization lab for a specific clinical inquiry (56.4% Early Cath vs. 22.9% Late Cath) while the Late Cath group was more likely to be referred for a failure to wean from ECLS (50% Late Cath vs. 10.3% Early Cath) (P ¼ 0.003). A total of 18 patients were referred to the catheterization lab for an inability to wean from ECLS (without an obvious lesion seen on 
Discussion
While extracorporeal life support continues to be an essential adjunct in the care of the pediatric cardiac patient, a proportion of patients are unable to wean from support. Additional diagnostic testing such as cardiac catheterization may identify and potentially treat hemodynamically significant lesions that would otherwise prevent the patient from separating from ECLS. The present study represents the largest series to date analyzing cardiac catheterization in ECLS patients. Catheterization was found to be safe in ECLS patients and an early catheterization strategy decreased overall ECLS duration.
The impact of cardiac catheterization on ECLS outcomes is unclear. In a retrospective review of 36 pediatric cardiac patients, those receiving a catheterization on ECLS day 0 or day 1 had significantly shorter ECLS durations than patients receiving a catheterization 2 or more days after initiation of support (4 days vs. 7 days, P ¼ 0.0008). 3 However, no difference in survival was seen between groups. Another retrospective review of 75 catheterizations in pediatric ECLS patients found that the mean ECMO-to-catheterization time was shorter in survivors than non-survivors (1.6 vs. 3.5 days). However, the inclusion of a large number of patients with cardiomyopathy as well as referrals for left atrial decompression may confound these results. 6 Finally, an analysis of 49 catheterizations in pediatric cardiac patients found that those receiving catheterization within 48 hours of ECLS initiation demonstrated less respiratory complications and improved 30-day survival in comparison to those receiving catheterization beyond 48 hours of ECLS initiation. 7 In the present study, an early catheterization strategy (within 72 hours of ECLS initiation) was associated with significantly shorter duration of ECLS support (136 hours vs. 227 hours). This was observed despite no difference in the rate of intervention performed at catheterization between the 2 groups. Survival to hospital discharge was also improved in the early catheterization group (74% vs. 51%). Multivariate analysis confirmed that an early catheterization strategy was independently associated with a 150-hour decrease in total ECLS duration. Hemodynamically significant residual lesions have been reported in nearly third of post-operative pediatric cardiac patients. 4 In that study, the rate of decannulation and survival to hospital discharge were improved if the residual lesions were detected within 3 days of ECLS support. These findings provide evidence that early detection and treatment of unsuspected residual lesions reduces ECLS duration and improves outcome. The diagnostic utility of echocardiography in post-operative pediatric cardiac patients on ECLS has been called into question, as echocardiography has failed to detect 40-52% of lesions discovered at catheterization in previous studies. 1, 3 Our findings are in line with these data, as echocardiography failed to detect 39.6% of lesions found during catheterization in this series. This provides further evidence regarding the shortcomings of echocardiography in this patient population. Post-operative patients on ECLS pose particular Therefore, echocardiography in isolation is often inadequate to rule out residual hemodynamically significant lesions. Furthermore, nearly half of the patients in this series that were referred to the catheterization lab for an inability to wean from ECLS (without any specific echocardiographic or clinical concern) received an intervention for a hemodynamically significant lesion. Hence, providers should not be reassured by a normal echocardiogram in a cardiac ECLS patient and a high index of suspicion for residual lesions must be present in patients' that are unable to wean from support.
Decreasing the overall duration of ECLS has several potential benefits. Each day of extracorporeal support exposes a patient to various ECLS-specific risks, including hemorrhage, thrombosis, or mechanical complications. A shortened ECLS run has the potential to limit the ECLS-specific hazards placed on a patient, which may ultimately lead to lower complication rates and the potential for improved survival. In the present analysis, an early catheterization strategy resulted in a lower rate of renal failure requiring renal replacement therapy as well as a lower rate of mechanical ECLS complications. Renal failure is especially pertinent, as this has been shown to be an independent predictor of mortality in various ECLS populations. 5, 8, 9 This may contribute to the survival advantage observed in the early catheterization group in this series. Reducing total ECLS duration also carries important financial implications. Costs associated with each ECLS-day vary, but are estimated as high as $20,000 per patient day in addition to associated ICU costs. 10 Decreasing an ECLS run by 3-5 days significantly offsets the overall costs associated with an aggressive catheterization strategy, regardless of whether an intervention is performed at the time of catheterization. Therefore, we believe an early catheterization strategy in ECLS patients unable to wean from support would result in an overall cost savings for a hospital system.
Based on the results of this study, we support a practice of pursuing cardiac catheterization in a pediatric cardiac ECLS patient early in the course of extracorporeal support initiation if weaning is not imminent. The rationale for this approach includes the low rate of complications with catheterization as well as the decreased overall ECLS duration seen in patients undergoing catheterization within 72 hours of ECLS initiation. Survival to hospital discharge was also improved with an early catheterization strategy, as well as a decreased need for renal replacement therapy and fewer ECLS mechanical complications. A lack of clinical or echocardiographic evidence of residual lesions should not dissuade the practice of early catheterization, as nearly half of the lesions found on catheterization were not evident on non-invasive studies. Finally, an early catheterization strategy may decrease overall hospital costs by reducing total ECLS days and associated costs, though further study is needed to confirm this.
Despite representing the largest series to date, the findings of this study are based on a relatively small number of patients at a single center. Our center does not utilize a standardized institutional protocol for catheterization referrals and decisions related to referral of individual patients for cardiac catheterization are based on multidisciplinary treatment team assessment and decision-making. Detailed medical record information about clinical decision-making that led to referral for cardiac catheterization was limited for some patients and inferences were made based on catheterization procedural notes and echocardiography reports. The observed rate of reintervention for patients referred for early (72%) and late (74%) catheterization were similar, suggesting that patient selection bias what not an important contributing factor in this study.
Conclusion
Cardiac catheterization identifies clinically significant residual lesions that are undetectable by echocardiography. Early cardiac catheterization in hemodynamically compromised pediatric patients who are unable to separate from ECLS is associated with shorter duration of ECLS. Consideration should be given to early referral for cardiac catheterization in pediatric cardiac patients who are unable to separate from ECLS within 3-5 days from initiation of support. Earlier catheterization in this patient population may reduce the incidence of renal failure and improve hospital survival.
